The vu~a gene is essential for germline formation in Drosophila. Vusa-related genes have been isolated from several organisms including nematode, frog and mammals. In order to gain insight into the early events in vertebrate germline development, zebrafish was chosen as a model. Two zebrafish vasa-related genes were isolated, pZlOa and vlg. The pllOa gene was shown to he widely expressed during embryogenesis. The vlg gene and vasa belong to the same subfamily of RNA helicase encoding genes. Putative maternal vlg transcripts were detected shortly after fertilization and from the blastula stage onwards, expression was restricted to migratory cells most likely to be primordial germ cells. 0 1997 Elsevier Science Ireland Ltd.
Introduction
The primordial germ cells (PGCs) become specified early during animal development. The first indication that a germline determinant is located to a specific region of the insect egg was provided by Hegner (1911) . When he removed the posterior pole plasm from fertilized beetle eggs, these developed into embryos lacking germ cells. Several decades later, it was shown that transplantation of the posterior pole plasm from a DrosophiZu melanogaster egg to a different site in an embryo resulted in the formation of ectopic germ cells (Illmensee and Mahowald, 1974) .
Our current knowledge of germ cell specification has mainly come from studies with DrosophiZa and Caenorhabditis elegans (reviewed in Rongo and Lehmann, 1993; Williamson and Lehmann, 1996) . In Drosophila, the pole plasm (germ plasm) forms at the posterior region of the developing oocyte and contains polar granules which are ribonucleoprotein particles. Embryos lacking polar granules do not form germ cells (Boswell and Mahowald, 1985; Lehmann and Niisslein-Volhard, 1986; Schupbach and Wieschaus, 1986) . Structures resembling polar granules are found in many species, and they segregate with the germ cell lineage (Eddy, 1975) . In the C. elegans oocyte polar granule-like structures called P granules, are evenly distributed. After fertilization the P granules will move into the germline blastomere and remain associated with the germline throughout development (Strome and Wood, 1982) . Maternal-effect mutations in the mes-1 and par genes lead to mispartitioning of the P granules in the embryo (Kemphues et al., 1988; Strome et al., 1995) . Such embryos fail to produce germ cells.
Genetic and molecular analyses have revealed that the establishment of the germ cell fate in the Drosophila embryo is dependent upon the function of several maternal-effect genes (Boswell and Mahowald, 1985; Lehmann and Ntisslein-Volhard, 1986; Schupbach and Wieschaus, 1986) . Mutations in these genes, including oskar and vasa, result in loss of polar granules, disruption of the pole plasm and lack of germ cells. Bctopic germ cells are formed if oskur RNA is mislocalised to the anterior pole of the Drosophila embryo (Ephrussi and Lehmann, 1992) . This molecular transplantation experiment confirms that a pole plasm component has a germline inductive capacity consistent with the transplantation experiment of Illmensee and Mahowald (1974) . Oskur-induced germ cell formation is also dependent on vasa and tudor. Immunocytological studies have shown that Oskar, Vasa and Tudor proteins colocalise with the polar granules (Bardsley et al., 1993; Breitwieser et al., 1996; Hay et al., 1988a,b) . Premature gene activation occurs in pole cells lacking Nanos, the posterior morphogen (Kobayashi et al., 1996) . Such cells fail to migrate into the embryonic gonads. Both Nanos and Vasa proteins have been used as markers for PGCs at the cellular blastoderm stage and during their migration to the embryonic gonads (Ephrussi and Lehmann, 1992; Lasko and Ashburner, 1990; Wang et al., 1994) .
Vasa is a DEAD-box ATPase with RNA helicase activity (Liang et al., 1994) . Several vertebrate vasa homologues have been identified including Xvlgl (Xenopus vasa-like gene; Komiya et al., 1994) , Mvh (mouse vasa homolog; Fujiwara et al., 1994) , and Rvlg (rat vasa-like gene; Komiya and Tanigawa, 1995) . Immunocytological studies have shown that the XVLGl protein is expressed in the germ cells in stage 46 tadpoles . In mice the Mvh protein is detected in the PGCs of 11.5day-old embryos (Fujiwara et al., 1994) .
The molecular events involved in germ cell specification in vertebrates are poorly understood. In mice, PGCs have been shown to express high levels of alkaline phosphatase (AP) (Chiquoine, 1954 Leroy et al., 1989); MoDEAD (sptrembl:L25126, Gee and Conboy, 1994); MoDVH, (sptrembl:Q61496, Fujiwara et al., 1994); XlAn3, (sw:P24346, Gururajan et al., 1991) ; XlVLG (sptremblS69534, Komiya et al., 1994) ; RnVLG (sptrembl:Q64060, Komiya and Tanigawa, 1995) ; DmVasa (swPO9052, Hay et al., 1988b; Lasko and Ashbumer, 1988); BmVlg (sptrembl:D86601; N. Hajime, unpublished); CeGLHl, (sptrembl:Q22873, Roussell and Bennett, 1993) ; CeGLH2 (sptrembkU60194, Gruidl et al., 1996) . HuP68 (sw:P17844, Hloch and Stahl, 1990 ) was included as an outgroup. The sequences have the following species abbreviations: MO: mouse; Xl: Xenopus laevis; Zf: zebrahsh; Bm: Bombyx man'; Rn: Rattus norvegicus; Ce: Caenorhabdiris elegans; Hu: human; Dm: Drosophila mehoguster.
The protein sequences were extracted from Swissprot (SW) and the translated versions of the EMBL (sptrembl) databases.
Accession numbers are given in parentheses. The alignment is colour coded using Colourmask to show conserved sequence similarity as -follows: Light blue: semi-conserved hydrophobic; dark blue: strongly conserved hydrophobic; purple: acidic: red: basic; green: polar. Glycines and prolines are coloured orange and yellow, respectively. Gaps are indicated with dashes. The numbers refer to the amino acid residues in the.corresponding protein. The zebrafish nucleotide sequences of the ~110~ and vlg genes are deposited with the EMBL nucleotide sequence database with the accession numbers Y12819 and Y 12007, respectively. mesoderm in 7-day-old embryos (Ginsburg et al., 1990) . The mouse PGCs have been shown to derive from cells located in the proximal region of the epiblast (Lawson and Hage, 1994) .
In order to gain insight into the early events in germline determination in vertebrates, we have chosen zebrafish (Danio rerio) as a model organism. The zebrafish is well suited for developmental studies since its embryonic development is rapid and its embryos are nearly transparent. Furthermore zebrafish is now emerging as a genetic model system. Here we report the identification of two zebrafish vasa-related genes, pllOa and vlg. The vlg-gene is expressed in putative germ cells from the blastula stage until the pharyngula stage.
Results

Isolation of zebra&h vasa-related genes
Several vasa-related genes have been shown to be expressed in the germline of a variety of vertebrate species including frog, mouse and rat (Fujiwara et al., 1994; Komiya et al., 1994; Komiya and Tanigawa, 1995) . In zebrafish, however, no molecular markers for the PGCs are available. In order to isolate such markers we decided to clone zebrafish homologues of vasa. Degenerate primers, based on conserved regions in the helicase domains of Drosophila, Xenopus and mouse vasa homologues, were used to amplify related genes from embryonic zebrafish cDNA or embryonic RNA using reverse transcriptase PCR. PCR products of the expected size were cloned and sequenced. Four different clones were isolated, two belonging to the P68 subfamily of DEAD box RNA helicases, and the remaining two clones corresponding to the vusa-related genes PZlO and Kg. The pllO-like PCR fragment was used as a probe to screen an embryonic zebrafish cDNA library (stage primordium-15).
Three overlapping pllOa cDNA clones were isolated with a coding capacity for a protein of 688 amino acids (Fig. 1) . The deduced amino acid sequence of the zebrafish PllOa protein shows 83% sequence identity to both the mouse PLlO and DEAD3 proteins (Leroy et al., 1989; Gee and Conboy, 1994) . In mice three PLIO-like genes including PLlO, DEAD2 and DEAD3 have been identified (Gee and Conboy, 1994) . These genes are most likely tetralogues (Spring, 1997) and it is therefore very likely that zebrafish will possess more than one P110-like gene, hence the name pllOa.
Q-specific primers based on sequences within the 400 bp PCR product were used to amplify the 5'-and 3'ends of the vlg cDNA (see Experimental procedures). The zebrafish vlg cDNA has an open reading frame with a coding capacity for a protein of 700 amino acids.
Multiple alignment of zebrafish Vlg and PllOa helicases with other Vasa related proteins (Fig. 1C) shows that they all contain the DEAD box and other conserved elements characteristic of RNA helicase-related proteins (Schmid and Linder, 1992) . The N-terminal regions of the Vasa related proteins are less conserved compared to the helicase region but they are all rich in glycine ( Fig. 1 A,B) . RGGcontaining motifs occur several times in the N-terminal region of the zebrafish Vlg protein as in Vasa, and the other known vertebrate Vlg proteins. The RGG box has been predicted to function in RNA binding (Kiledjian and Dreyfuss, 1992) . The C. elegans proteins GLHl and GLH2 contain several zinc finger like motifs (CCHC) which are absent in the other Vasa related proteins (Gruidl et al., 1996) . The C-termini are also weakly conserved, but the PLlO subfamily show stretches rich in glycine and serine (Fig. IA) .
Cluster analysis of the conserved helicase region of the Vasa related proteins shows that PllO, DEAD3 and An3, and Vasa and the vertebrate Vlg proteins form two distinct subgroups, the PLlO and VLG subfamilies (Fig.  2) . The C. eleguns GLH-proteins are more diverged members of this protein family, forming a third subfamily (GLH). (The third murine PLlO sub-family member, DEAD2, is only partially sequenced and thus not included in this analysis.)
The 3'-UTR of the zebrafish vlg mRNA contains a sequence matching the nanos response element (NRE, Wharton and Struhl, 1991 ; data not shown). The two C. elegans genes, glhl and glh2, also contain NREs in their 3'-UTRs (Gruidl et al., 1996) . Whether a Nanoslike protein is involved in translational regulation of the zebrafish vlg transcripts, remains an intriguing possibility.
Temporal expression of the zebrajsh genes pllOa and vlg during embryogenesis
Northern analysis was performed with total embryonic RNA from several developmental stages. The estimated size of the major pllOa transcript is 5.2 kb which is larger than the length of the isolated cDNA (Fig. 3A) . The Northern blot revealed that the expression level of the 5.2 kb message was similar during late blastula, late gastrula, and early pharyngula stages of development. Two less abundant transcripts of about 9 kb and 14 kb were downregulated during embryogenesis.
These transcripts may represent pre-mRNAs or alternative splicing products. Another plausible explanation is that these weaker signals derive from related genes.
As shown in Fig. 3B , two vlg transcripts were detected at the blastula stage of development. The lengths of the major and the minor transcripts were estimated to be approximately 2.4 and 5.8 kb, respectively. The size of the vlg cDNA corresponds to the 2.4 kb RNA species. Around the late gastrula stage, the 5.8 kb transcript was no longer detectable, while the 2.4 kb transcript was less abundant as compared to the blastula stage. At the early pharyngula stage, vZg transcripts were not detected. These data suggest that vZg is downregulated during embryonic development. IC. Positions with gaps in the alignment were excluded. The root was placed between human ~68 and the other proteins.
Spatial expression patterns of pllOa and vlg during early stages of zebrafish development
The expression patterns of zebrafish pllOa and vlg during embryogenesis were analysed by in situ hybridisation using digoxigenin labelled DNA probes. PllOa transcripts were evenly distributed in the blastoderm of early gastrula stage embryos (Fig. 4A) . Transverse sections through early and late gastrula stage embryos revealed, however, that pZlOa expression was excluded from the outer epithelial cell layer surrounding the embryos (Fig. 4B and data not 
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of the zebrafish genes pIlOu and vlg. of total RNA from late blastula, late gastmla, and early pharyngula stage embryos, respectively. The Northern blot was hybridised with (A) a 2.5 kb EcoRI-Hind111 pllOa fragment (B) the complete vlg cDNA. The major and the minor transcripts are indicated by closed arrowheads and dashes, respectively. Equal loading was demonstrated with ethidium bromide staining of the RNA agarose gel. Positions of 18 and 28s ribosomal RNA are indicated by open arrowheads. the 14-somite stage, staining was not detected in the most external cell layers while the remaining parts of the embryo showed high expression levels ( Fig. 4C-E) . From these results, it is obvious that the pZlUu gene is not suitable as a molecular marker for the PGCs in zebrafish. In mice, the PLlO expression pattern has been reported to be germline specific, while the PLlO-like genes mDEAD2 and mDEAD3 have been shown to be expressed in several organs including germline (Gee and Conboy, 1994; Leroy et al., 1989) . Thus the zebrafish pllOa gene could be orthologous to mDEAD2 or mDEAD3.
Consistent with the Northern analysis, RNA in situ hybridisation showed that vlg is down-regulated during embryogenesis (Fig. 5) . At the two-cell stage, both blastomeres were strongly stained (Fig. 5A ). This observation strongly indicates that these transcripts were of maternal origin. High levels of zebrafish vlg transcripts persisted throughout the blastodisc until the midblastula stage (Fig. 5B) . Subsequently, at about 40% epiboly, the strong staining became restricted to four cell clusters located along the periphery of the blastoderm, while the remaining cells showed weak expression (Fig. X,D) . The number of cells expressing high levels of vlg was estimated to approximately 24-32. At 80% epiboly, the strongly labelled vlg cells facing the vegetal pole had become more evenly distributed along the blastoderm margin (Fig. 5E-F) as compared to the late blastula stage (Fig. 5C-D) .
With the onset of somitogenesis, two clusters of vlg expressing cells were detected, each cluster consisting of about 18-20 cells. These clusters were located approximately halfway along the anterior-posterior body axis, close to where the somites are formed (Fig. 6A-D) . At the 4-somite stage, the vlg expressing cells were positioned bilaterally at the level of the first and second somites (data not shown), while at the lo-somite stage these cluster had moved more posteriorly to the level of the third to fifth somites (Fig. 6C,D) . Transverse sections through an embryo at the IO-somite stage showed that the vlg expressing cells were placed laterally to the pronephros which develop at the level of the third somite pair (Fig. 6E) . Thus, Vlg transcripts are apparently expressed throughout the segmentation period.
At the early pharyngula stage, the vlg expressing cells were located at the border between the yolk ball and the yolk tube (Fig. 6F) . Transverse sections through this region showed that vlg expressing cells were located ventrally to the pronephric ducts (Fig. 6G) . By the stage of hatching, no expression of zebrafish vlg was detected by whole-mount in situ analysis (data not shown). The spatio-temporal expression pattern of zebrafish vlg indicates that the vlg-expressing cells migrate during embryogenesis.
During development, from about 40% epiboly up to the 12-somite stage, the vlg-positive cells were observed on the ventral side of the embryo close to the yolk syncytial layer (Figs. 5X-F and 6A-E) .
Discussion
In Drosophila several maternally acting genes, including vasa, have been identified which are required for the formation of PGCs. Vasa protein is in fact one of the known components of the polar granules and the protein is exclusively present in the germ cells throughout all stages of development (Lasko and Ashburner, 1990) . In vertebrates, however, the molecular mechanisms involved in germline determination remain elusive. In order to take advantage of the zebrafish as a model system for vertebrate germline development, vasa homologues were isolated for potential use as molecular markers for identification of PGCs.
There are three groups of Vasa-related proteins: the PLlO, VLG and GLH subfamilies (Fig. 2) . All these proteins contain the conserved motifs found in all DEAD-box RNA helicases (Schmid and Linder, 1992) . In this work two zebrafish genes encoding Vasa-related proteins were isolated, a PLlO and a VLG family member. Together with the Mvh and Vlg proteins, Drosophila Vasa form a distinct subfamily. Therefore, the vertebrate VLG-encoding genes are likely to be wsu orthologues.
The mouse PLlO gene has been reported to be expressed of Development 66 (1997) 95-105 during spermatogenesis, and a role in translational regulation has recently been suggested (Chuang et al., 1997) . RNA in situ hybridisation revealed that the zebrafish pll Ou gene is highly expressed in most embryonic tissues during development. This finding excludes zebrafish ~110~ as a molecular marker for PGCs in zebrafish. It shows a similar widespread expression pattern to the mouse DEAD2 and DEAD3 genes (Gee and Conboy, 1994) , and therefore may be orthologous to one of these two genes.
Uniform expression of zebrafish vlg during early cleavage and blastula stages
In early cleavage embryos up to the early midblastula stage, vlg transcripts were present in large amounts and were uniformly distributed throughout the blastodisc. These vlg transcripts are most likely of maternal origin due to the fact that initiation of zygotic transcription is known to occur around the midblastula transition (Kane and Kimmel, 1993) . Maternally expressed vasa transcripts have also been shown to be evenly distributed in Drosophila embryos at the preblastoderm stage (Hay et al., 1988b; Lasko and Ashbumer, 1988) . The embryonic RNA expression patterns for Xenopus and mouse vasa-like genes have not yet been reported.
Restriction of vlg expression to putative PGCs during late blastula and gastrula stages
In late blastoderm stage zebrafish embryos, strong vlg staining was detected in 24-32 cells distributed in four cell clusters located on the circumference of the blastoderm margin. During gastrulation, the densely vlg stained cells were evenly distributed along the blastoderm margin. This restricted expression of the zebrafish vlg-gene is reminiscent of the restriction of Vasa protein expression in Drosophila germ cells from the blastoderm stage onwards (Hay et al., 1988a; Lasko and Ashbumer, 1990) . On this basis, it seems likely that the cells expressing high levels of vlg are, in fact, PGCs. It should be noted, however, that the maternal vasa transcripts disappear while zygotic vasa transcription appears in the germline later in embryonic development (Hay et al., 1988b; Williamson and Lehmann, 1996) .
Comparative studies of germline development in other vertebrates further support the view that the vlg expressing cells are PGCs. In Xenopus, chicken, and mouse the PGCs can already be detected by early gastrulation (Ginsburg and Eyal-Giladi, 1987; Lawson and Hage, 1994; Whitington and Dixon, 1975) . In Xenopus during early gastrulation, the four germline founder cells are located in the presumptive endoderm. The number of PGCs increases during gastrulation and approximately 30 cells colonise the embryonic gonads (Whitington and Dixon, 1975) . In mouse, the PGCs have been shown to derive from cells located adjacent to the extraembryonic ectoderm in the proximal region of the epiblast (Lawson and Hage, 1994). During early gastrulation, at lineage restriction, the number of germ cells has been estimated to be at least 45 (Lawson and Hage, 1994) . In chicken, the PGCs derive from epiblastic cells, and during primitive streak formation, these cells are located in the extraembryonic germinal crescent (Ginsburg and EyalGiladi, 1987) .
The restriction of vlg expression to a few cell clusters may indicate that the maternal vlg transcripts are protected from degradation in these cell clusters. Several maternal RNAs which are uniformly distributed in early C. elegans embryos were shown to be maintained preferentially in the germ cells at later stages of development (Seydoux and Fire, 1994) . Activation of zygotic transcription of vlg may also contribute to the high expression level detected in the above mentioned cell clusters.
Migration and clustering of vlg expressing cells during the segmentation period and early pharyngula stage
At the early segmentation stage, only two vlg positive cell clusters were observed and these clusters were located bilaterally to the somites close to the yolk syncytial layer. Each cluster contains about 18-20 cells. A similar vasa RNA staining pattern is observed in Drosophila embryos during germband shortening (stage 12-14; Hay et al., 1988b) . In zebralish, during somitogenesis, the vlg expressing cell clusters have moved posteriorly. By the early pharyngula period, the vlg positive cells were located in the anterior region of the tail, on the ventral side of the pronephric ducts.
Morphological criteria have previously been used to identify putative PGCs in teleosts (Timmermans, 1996) . In Barbus conchonius nuage-containing cells were identified first at the onset of somitogenesis and these cells were located between the endoderm and the mesoderm laterally to the notochord (Gevers et al., 1992) . At the 33-somite stage (24 h post-fertilisation) the nuage-containing cells were located ventrally to the mesonephric ducts. The number of PGCs per embryo was estimated to 18. The occurrence of nuagecontaining cells during the segmentation and early pharyngula stages of B. conchonius parallels the occurrence of vlgstaining cells in zebrafish, lending further support to the idea that vlg marks the PGCs at these stages.
Vlg transcripts were not detected after the early pharyngula stage. This result is consistent with the Northern analysis. The embryonic RNA expression patterns for the mouse Mvh and Xenopus vlg genes have not yet been reported. The corresponding two proteins were, however, shown to be present in germ cells only after they had reached the embryonic gonads (Fujiwara et al., 1994; Komiya et al., 1994) .
The dynamic vlg expression pattern strongly suggests that the vlg expressing cells are migratory. The vlg RNA in situ data is consistent with a migration route as follows: At the late blastula stage, the four evenly spaced vlg positive cell clusters are located relatively close to the blastoderm margin. Thereafter these cells start to spread out along the cir-cumference of the blastoderm margin. During late gastrulation, the cells move dorsally in the hypoblast combining in two cell clusters positioned bilaterally to where the somites are forming. As development proceeds, the cell clusters continue to move posteriorly. During the early pharyngula stage the vlg-positive cells are situated in the tail region on the ventral side of the pronephric ducts. Since vlg transcripts are not detected after this stage, Vlg antibodies or other markers will be required to follow their subsequent migration route.
Zebra&h vlg, a molecular marker for germ cell precursors?
Zebrafish vlg appears to be a marker for developing PGCs based on the following criteria: (i) the spatio-temporal expression pattern of zebrafish vlg during late blastula and early gastrula stages is concordant with the previously reported development of PGCs in mouse and Xenopus; (ii) the position of v&-expressing cells during the segmentation and early pharyngula stages agrees with that of the nuagecontaining cells in the teleost B. conchonius; (iii) Vasa protein and zygotic RNA expression in flies and Vlg protein expression in mouse and Xenopus are restricted to the germline. The factors responsible for the restriction of vlgexpression during the late blastula stage are likely to play a key role in formation of the germline in vertebrates.
Vlg-antibodies are required to determine if the Vlg protein localises to polar granule-like structures (nuage). Recent studies have shown that the GLH-1 and GLH-2 proteins, the C. elegans homologues of vasa, colocalises to the P granules (Gruidl et al., 1996) . Although the function of vlg remains to be determined, this gene is most likely required for germline development.
Experimental procedures
Cloning strategy
Degenerate primers were designed from the two amino sequences conserved among the DEAD-box RNA helicases MACAQT and DRMLDG: S-CAGCGGATCCAT-GGCNTGYGCNCARACNG-3' containing a BamHI site and S-CTCGAAGCTTAANCCCATRTCNARCATNCK-RTC containing a Hind111 site, respectively (restriction sites are shown in bold, degenerate nucleotide positions are indicated with the IUB-IUPAC nomenclature). The primers were used to amplify putative DEAD-box RNA helicases from different embryonic zebrafish Xgtll cDNA libraries or from embryonic RNA via RT-PCR. The conditions for the RT-PCR were as follows: Total RNA from embryos at different stages of development were used as a source for the first strand cDNA synthesis. The annealing step was performed in a volume of 10 ~1 containing 1 pg random hexamer DNA primers (Pharmacia) and 3 pg total RNA. DNA-RNA hybrids were obtained by slowly cooling down the annealing mixture from 70°C to room temperature. First strand cDNA synthesis was carried out at 42°C for 1 h with preannealed RNA in the presence of 50 mM TrisHCl (pH 8.3), 50 mM KCl, 10 mM MgCl*, 0.5 mM spermidine, 20 mM DTT, 1 mM dNTP, 0.45 units/p1 RNasin, and 0.25 units/$ AMV reverse transcriptase in a total volume of 25 ~1. PCR amplifications were carried out in the presence of 10 mM Tris-HCl (pH 9.0) 50 mM KCl, 0.15 mM MgClz, 0.1% Triton, 0.2 mM dNTP, 1 ,uM primers and 0.05 units/k1 Taq DNA polymerase in a total volume of 50 ~1. Thirty cycles of PCR were carried out as follows: denaturation at 94°C for 50 s, annealing at 40°C for 50 s, and DNA synthesis at 72'C for 60 s. The PCR products were separated on a 1.5% agarose gel and the DNA fragments were excised from the gel. The gel pieces were centrifuged in a microfuge for 1 min and aliquots of 1 ~1 were removed and used as target in new PCR amplifications. The PCR conditions were the same as mentioned above, except that the annealing temperature was raised to 55°C. The PCR products were digested with BamHI and HindIII, purified, subcloned into PBS(-) (Stratagene) and sequenced.
Isolation of pllOa cDNA clones
An embryonic zebrafish Xgtl 1 cDNA library (stage primordium-15) was screened using an oligolabelled pZlOu probe corresponding to the cloned PCR fragment. The hybridisation was carried out at 70°C overnight according to the method of Church and Gilbert (1984) . Filters were washed at 70°C and autoradiographed.
Positive X clones were purified using LambdaSorb Immunaffinity Adsorbent (Promega), digested with EcoRI, subcloned into PBS(-) (Stratagene), and sequenced.
Isolation of vlg cDNA
Polyadenylated
RNA was obtained from total RNA using the mRNA purification kit (Pharmacia). mRNA from late blastula stage embryos were used to synthesize cDNA employing the MarathonTM cDNA Amplification Kit (Clontech) according to the manufacturer's protocol. 5'-RACE (rapid amplification of cDNA ends) and 3'-RACE were carried out with vlg specific primers (5'-RACE primer: S'-CTTCATCCAGAACTAGATAGCG-CA-3'; 3'-RACE primer: 5'-TTATGACTGATGGTGTG-GCAGCCAGC-3') and the adaptor primer APl (Clontech) using the AdvantageTMKlenTaq Polymerase Mix (Clontech). The PCR conditions were as described in 'programme 3' in the manufacturer's protocol, except that the annealing temperatures for the 5'-, and 3'-RACE reactions were 51°C and 56°C respectively. Nested PCR reactions with gene specific primers (5'-RACE primer: S'-GCAGCCCTTTAA-CACCTCTCGGAT-3'; 3'-RACE primer: 5'-GAGCGCA-TAATCGTGGCTCCCACCAG-3') and the adaptor primer AP2 (Clontech) were performed using the same conditions as mentioned above, except that the annealing temperatures for the 5'-, and 3'-RACE reactions were 54°C and .59"C, respectively. The nested PCR products were purified, subcloned and sequenced.
DNA sequencing and sequence analysis
DNA sequencing was carried out using the dideoxy terminator method employing the Sequenase (USB) and the AutoRead (Pharmacia) Sequencing kits. Sequence assembly was achieved with the gel assembly system of the GCG8 package (GCG8, 1994). Multiple alignment was performed with ClustalW (Thompson et al., 1994) and subsequently manually edited with GDE (Stephen Smith, Harvard University).
A rooted tree was calculated with the NJ method as implemented in ClustalW (Thompson et al., 1994) and displayed with NJPLOT (Manolo Gouy, University of Lyon). The root is placed between ~68 and the other vasa-related proteins, since ~68 is a known outgroup.
Northern blot analyses
Total RNA was isolated from embryos at different stages of development using the acid phenol/chloroform extraction method (Chomczynski and Sacchi, 1987) . Total RNA (20 pg) was fractionated on a 1% agarose gel in the presence of 2.2% formaldehyde, blotted onto nylon filters (Hybond-N, Amersham), and hybridised at 68°C overnight according to the method of Church and Gilbert (1984) . Filters were washed and autoradiographed for 24-48 h. 32P-Labelled probes were synthesized from a 2.0 kb EcoRIHind111 fragment of the pllOa cDNA, or from both the 1.2 and 1.3 kb vlg cDNAs using the nQuickPrime kit (Pharmacia).
Whole mount in situ hybridisation and tissue sections
Zebrafish embryos at different stages of development were collected and prepared for in situ hybridisation and tissue sections as previously described (Fjose et al., 1994; Krauss et al., 1991) . Digoxigenin labelled DNA probes were synthesized from a 2.0 kb EcoRI-Hind111 from the pllOa cDNA, or from both the 1.2 and 1.3 kb vlg cDNAs using a DIG DNA labelling kit (Boehringer Mannheim).
Note added in proof
After submission of this manuscript, we have learned of the work by C. Yoon, K. Kawakami and N. Hopkins (Development, in press) who also describe the identification of the zebrafish vlg gene and its expression pattern during embryonic. and larval development (N. Hopkins, pers. commun.).
